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S IR Robert Hadfield' s discovery of manganese steel in 18 82 is generally recognized as the landmark in metallurgical history that inaugurated the age of alloy steels. He related some of the details of this breakthrough in a major study, Metallurgy and Its Influence on Modern Progress (London, Chapman & Hall, 1925) , and also set his work in a historical context with a subsequent publication on Michael Faraday's alloy researches (1) . However, many of the events surrounding Hadfield's discovery are unknown. This paper, by drawing on Hadfield's diaries, letters and experimental notebooks, which have recently come to light from his firm's East Hecia works in Sheffield, adds new information about a key metallurgical development (2) . After an introductory section, outlining Hadfield's career before his discovery, his experimental work is discussed and the problems associated with the introduction of the revolutionary material are then highlighted.
The story of Sir Robert A. Hadfield's life has been well treated elsewhere, so that a detailed consideration need not detain us here (3) . He was born in Sheffield on 28 November 1858, the son of Robert Hadfield (1831-88), the owner of Hadfield's Steel Foundry and one of the pioneers of the manufacture of steel castings. Robert A. Hadfield took over the company on the death of his father in 1888 and during his lifetime he built up the firm he had inherited into one of the largest steel foundries in the world. Alongside his business career, he established an international reputation as a metallurgist for his work on alloy steels. His published output included over 200 technical papers and addresses, bringing him numerous honours from scientific and public bodies. His election to the Fellowship of the Royal Society took place in 1909.
However, although Hadfield was to achieve fame in both his scientific and business careers, it was as a metallurgist that he achieved his most striking success. He refused the chance to go up to Oxford or Cambridge, preferring instead to serve a brief apprenticeship with the local steel makers Jonas & Colver. After one of his first days there, he noted in his diary on 2 5 January 187 5 :
'I like it pretty w e ll.. .and I think I shall do very w ell' (4). He also received tuition in chemistry from Mr A. H. Allen, a leading analyst, and persuaded his father to allow him to install his own melting furnace in the basement o f the family home, Ashdell Mount. Once again, Hadfield recorded these events in his diary for 1876: May 18, Had my furnace going, melted steel , May 24, 'Melted steel in 25 minutes'; August 9, 'Moulded a bit in the evening'.
In 1878 Hadfield visited the Paris Exhibition, which introduced him to the researches o f the Terre Noire Company, who had succeeded in producing ferro-manganese with as much as 80% manganese and only a small amount o f carbon. (Previously, manganese had been added to steel in the form o f spiegeleisen, a white pig iron with about 20% manganese, but since it contained about 5% carbon it was unsuitable as an addition to low-carbon steel.) The Company's descriptive pamphlet, which was translated by the young Hadfield, showed the beneficial effects o f additions of manganese to steel o f up to 3% ; further additions, however, made the steel very brittle. On his return Hadfield resumed his own experiments by focusing his attention on additions o f both manganese and silicon to steel.
In June-August 1882 Hadfield's work was briefly interrupted by a visit to America. The purpose o f the journey seems to have been to introduce the young Sheffielder to the metallurgical and business world in preparation for his role as director o f his father's company (5) . His tour o f American steel casting and crucible steel concerns in Pittsburgh, Chicago and Philadelphia made a profound impression on him. His awed description o f a day at the Edgar Thomson Steel Works, near Pittsburgh (' [I] could have easily done with twenty instead o f one pair of eyes, so much was there to be seen ), is contained in a notebook which he later presented to his father (6) . Crammed with sketches o f U.S. Bessemer steel plant and production methods and littered with perceptive comments on the reasons for America s greater productivity, the notebook is a remarkable testimony to the precocity o f Hadfield s talents. His comments have a distinctly modern ring. At the Edgar Thomson Works he was told that 'one week they made the enormous output of 4,700 to n s.... . Asked Hadfield: 'W hy don't our English works set to work and equal or beat this, surely we are not going to be left behindhand ? . The visit seems to have spurred Hadfield's own endeavours and he said later: I cannot help thinking it was largely the educative influences brought to bear on my mind in that country which stimulated me in the highest degree and helped me to take up what was practically a new line o f research and work, the study o f special steel alloys' (7).
II
Strictly speaking, all steels are alloys, since even 'ordinary' steel contains tip to i*5% carbon, an element that has a greater effect than any other on the properties o f iron. Many other steels, in the 19th century, included various elements such as manganese, aluminium and titanium, which were added to the melt to remove unwanted ingredients or eliminate mechanical defects. Josiah Heath's patent in 1839 for the addition o f 'carburet o f manganese' to crucible steel greatly improved its welding quality and lessened the cost. However, the term 'alloy steel' or 'special steel' is usually reserved for steel which 'contains one or more elements other than carbon, in sufficient pro portion to modify and improve substantially some o f its useful properties' (8) .
W hen Hadfield began his work on manganese steel very little progress had been made in the production o f alloy steels. As Hadfield later demonstrated, Faraday and James Stodart, a London instrument maker and cutler, had devoted much time and energy to the question o f ' artificially ' improving cutting edges and decreasing corrosion by adding elements to steel, but despite the help o f Sheffield steelmakers their work found no commercial application. Later in the century, in 1868, Robert F. Mushet (1811-91), the son o f the famous Scottish ironmaster David Mushet, dramatically improved the per formance o f cutting tools by adding wolfram (tungsten) ore to crucible carbon steel. But this found only a highly specialized application and the manufacture o f M ushet's steel in Sheffield was cloaked in great secrecy (9) . Even as late as the 1880s, therefore, crucible steel, as produced in Sheffield by Benjamin Huntsman's process, was still the only commercially available steel for applications where special qualities were desired.
Progress was also hindered by the backward nature o f metallurgical theory, which meant that a satisfactory definition o f steel based on carbon content was not reached until the 1860s. The chemist was an unfamiliar figure at steel works. In Sheffield the idea o f analysing steel in a laboratory with a view to improving its commercial application was virtually unknown. Steel was melted and cast according to the so-called ' rule o f thumb ', or trial and error, and one o f the most critical tests-the calculation o f the carbon content o f the steel-was usually judged (often, it must be said, with uncanny accuracy) by simply fracturing an ingot and examining the crystalline structure (10) . Henry Clifton Sorby (1826-1908) had pioneered the science o f metallography in Sheffield in the 1860s, but his work had little immediate impact and not until the 1890s was the microscopic analysis o f steel used by steel firms. Furthermore, when Hadfield began his work the channels for systematizing and formulating knowledge were lacking. In the 1860s steelmaking institutes and journals were largely non-existent, and even when periodical literature began to appear in the 1870s there was little consideration o f chemistry and physics. In these circumstances, Hadfield's decision, on his return from America in 1882, to settle systematically what lay beyond the field explored by the Terre Noire Company, was a revolutionary one.
In his laboratory notebook Hadfield recorded the following observation on 7 September 1882: 'Was led to make the following expts. with a view to making a v. hard steel for trams' wheels. They have led to some very curious results, perhaps most momentous results, that may to some extent quite alter metallurgical opinions as to alloys o f iron & steel' (11) . Hadfield began by making an experimental melt with siliceous pig iron, soft iron, and rich ferro-manganese, the material introduced by the Terre Noire Company. This was found to contain 7.45 % manganese, and on casting it into a wheel it proved to be very difficult to cut with steel tools, but to be useless as a grinding material because the surface glazed instead o f cutting. A second melt followed, dispensing with silicon, and containing 1.35% carbon and 13.76% manganese. Hadfield found the ingot 'very tough, most peculiar fracture. . .T o all appearances it looked v. soft & I thought this is no use. . . I said fetch a file when lo & behold it took serations off file like an emery w heel. . .
Notwith standing this it was exceedingly tough & very difficult to top
' (12) . As a turning tool it quickly lost its edge, and as this was attributed to the heat o f the process having destroyed its temper, the tool was reheated to 900-iooo°C and quenched in water (the normal hardening procedure). But surprisingly the metal became slightly softer and much tougher than before. Moreover, although containing over 80% iron, it was non-magnetic. These astonishing findings, which were a reversal o f the ordinary behaviour o f steel, fully justified Hadfield's confident prediction o f the epoch-making nature o f this discovery. When he came to cast a wheel with manganese steel, Hadfield could hardly conceal his delight at the results: ' Wonderfully tough, even with a 16 lb. hammer[?] hardly break i t . . . N ot a blow-hole in the wheel, sound as metal. Really grand. H urrah!!!' (13) .
Hadfield immediately patented his findings in 1883-84 (14) , and then embarked on five years o f confirmatory experiments. It was eventually shown that the best results were obtained with 12-14% manganese, with carbon about 1 % : this gave a material that was relatively soft, but capable o f becoming intensely hard when it was deformed. Thus, it could be marked with a chisel, but it was impossible to cut it with the same tool. This complicated the manufacturing problem, because, as Hadfield himself pointed out: 'it is simply impractical to machine it, which is one o f its drawbacks, it being so hard, or rather although the tougher percentage is not so extraordinarily hard to file, still no turning or other tool steel will practically touch it (15)* ln the days before the advent o f high-speed steels, it was commercially impossible to machine manganese steel, and usually parts could only be surfaced by grinding. It was, however, a good material for steel castings (a speciality o f Hadfield's Hadfield's problems were not lessened by the fact that the new product was greeted with indifference, and despite its remarkable qualities it was to be some fifteen years after its discovery before Hadfield received any substantial orders for manganese steel. During Hadfield's visit to America in 1882 he had toured Pittsburgh in the company o f Joseph D. Weeks (1840-96), the distinguished American engineer and technical journalist, who had met Hadfield's father at the Paris Exhibition in 1878. Weeks visited Sheffield in 1883 and during his stay with the Hadfields he was shown the new steel alloy. Weeks, who was the editor o f the influential Pittsburgh steel and hardware trade journal, the American Manufacturer, and was on first-name terms with most o f the leading U.S. ironmasters and steelmakers, was a useful business ally, and the elder Hadfield quickly enlisted his support in patenting manganese steel in the U.S. A. and in acting as an agent for its licencing (18) . Weeks publicized the product by reading a paper on the subject at the Chicago meeting o f the Institute o f Mining Engineers in May 1884 and began looking for suitable customers. In May 1885 Robert A. Hadfield returned to America to expedite the granting o f his patent in Washington, D.C., opening the way, as he hoped, for the rapid exploitation o f his findings.
In particular the Hadfields had their eyes on the lucrative American market for steel railway tyres. W rote Hadfield's father to Weeks, in 1884: 'Now there is nothing that [manganese] steel is so well adapted for as Railway & Tram Car wheels, & there is such a vast trade to be done in these that we are most anxious you should induce car wheel manufacturers to adopt our Patents. . . Once adopted these steel wheels will annihilate all other wheels owing to their cheapness, lightness and great strength' (19) . Shortly afterwards, Hadfield himself reported that he had made a wheel with 18% manganese and 'had about 50 blows at it with a heavy sledge hammer without in the least way damaging i t ' (20) . But other possibilities also suggested themselves. Continued Hadfield (21): ' We are going to have it tried in a short time for rails & tyres here, as we believe it will last much longer than anything yet introduced. . . We also think it may be applied for saw plates & thus do away with all the hardening & tempering which cause so much annoyance and trouble owing to the plates warping, e tc . . . Also for springs to do away with hardening in the same way. Please also do not overlook the matter o f casting safes as this will be very valuable, indeed we have just made a sample safe for Chubb's the great safe builder here & they wrote us a few days ago saying the only drawback was that owing to its extreme hardness the difficulty was to work it up into form.
'We have had several picks cast lately & the person who has tried them reports to us they stand very well indeed & possess the great advantage that when requiring re-sharpening & re-hardening the workmen in charge cannot possibly spoil the material by cracking it in the hardening, as o f course this material when put into water is not in any way hardened'.
' [And] we believe this material is specially adapted for all classes o f agricultural work such as reaping machine fingers, shares, skifes, etc., etc., which could be much stronger than chilled iron & yet very hard'.
Hadfield's enthusiasm, however, was not matched by others. A fascinating correspondence ensued in 1884 when Hadfield informed Robert F. Mushet o f his results. Mushet replied: 'There is nothing new to me, expressed in your patent claim, but I have no doubt it is new to the many who have not possessed the advantages or the leisure for steel investigations' (22) . To which Hadfield countered: 'I cannot for one moment admit that my patent is not a novel o n e . . . My patent claims new results previously unknown, whilst not forgetting your claim for an alloy previously unknown by your patent 2219/1856. . . [but] . . . you could not by the triple compound claimed in your patent make the steel I produce. . . ' (23) . Mushet again stated: ' [manganese steel] to me is not n ew ', and observed, loftily, 'The leading metallurgists are, I have noticed, singularly ignorant on the subject o f long past inventions' (24) . Hadfield, in a detailed reply, pointed out that his results were unobtainable until the availability o f rich ferro-manganese and the work o f the Terre Noire Company in France (25) . But this did little to convince Mushet, who concluded the exchange with the words: 'so old & obstinate am I that you have failed to convince me-We must therefore still agree to differ (26) .
More disconcertingly, in the U.S.A. J. D. Weeks had little success in attracting licensees. Andrew Carnegie, Weeks reported, was not 'at all inclined to take matter u p ' (27) . Negotiations were conducted with William P. Shinn, the vice-president o f the New York and New England Railroad, with the intention o f manufacturing car wheels, but little appears to have transpired (28). O ther firms, such as the Solid Steel Company if Alliance, Ohio, and Miller, M etcalf & Parkin, o f Pittsburgh, took out options on the product, but no attempt was made to begin large-scale manufacture. Instead, Hadfield found himself in 1889 side-tracked into time-consuming and expensive litigation when a Boston manufacturer, Nathan Washburn, tried to claim manganese additions to steel as his own invention (29). Thus, after several years o f laborious experimentation, hundreds o f transatlantic letters, and the unstinting work o f Weeks, Hadfield's manganese steel was largely untried and unknown.
However, among Hadfield's American contacts was the distinguished metallurgist Henry Marion Howe (1848 Howe ( -1922 , who had submitted a technical manuscript to Hadfield for his approval (30) This was the first substantial utilization o f manganese steel in the world. Yet there was to be one more disappointment. Its intended use for railway wheels proved to be a failure; the steel was satisfactory for the treads but was unsuited to absorb the attritional wear on the flange, where there was no shock. The setback was temporary, however, for very shortly came the startling discovery that while manganese steel could not be used for car wheels, it was superior to all other metals for the rails, frogs and switches upon which the wheels travelled. The timing was fortuitous, since at this time the electric tram was replacing the older horse car, so introducing heavier loads which caused frogs and crossings to wear out more swiftly.
O n 28 August 1894 the Taylor & W harton Companies cast the first manganese steel frog, which was installed in Brooklyn, New York, at Fulton Street and Boerum Place. Its astounding performance under traffic averaging one car every 27 seconds throughout the day prefigured an application that was to be worldwide (33) . Further installations followed in Philadelphia in 1900, where manganese-steel trackwork was used with great success by the Pennsylvania Railroad. One manganese-steel frog, initially installed at the Broad Street Terminal o f the Pennsylvania Railroad, Philadelphia, gave twenty-five times the service o f the older carbon-steel types.
By 1897 Hadfield's Company predicted (34):
' Hadfield Manganese steel is likely to prove one o f the most constructive materials and each month new uses are being found for it by the consumer and better means o f manipulating and adapting it for practical use by the manufacturer. In fact in the same way as cast steel castings have largely displaced cast iron by their increased strength and durability, so it is probable that cast steel will be displaced, for a large variety o f purposes, by the Hadfield Manganese steel on account o f its greater strength and durability.
' Less than four years ago its application was confined to about half a dozen purposes, but for the reasons above given its various applications have reached nearly 40 classes o f articles, each bringing in a steady stream o f orders. '
Manganese steel proved pre-eminently suitable for the jaws o f stone-and ore-crushing machinery, dredger-pins, mining wheels, paper pulp beaters and burglar-proof safes. In some industries manganese steel had a decisive im pact: dredge-buckets were strong enough to be made twice as large as the older carbon steel types and could be used at three times the normal depth, bringing marginal areas into production and extending the life o f many platinum, gold and tin mines. It was also an ideal product for war material, especially for tank treads and the soldier's steel helmet. By the end o f the century, the discovery that had once been so hard to sell had, for a time, become the most useful alloy steel ever invented.
IV
Following the same systematic methods that had proved so successful with manganese, Hadfield prepared over the ensuing years various series o f alloys o f iron with other elements (35) . Though many o f the new alloy steels, such as those with chromium, molybdenum and aluminium, did not immediately result in any practical developments, those with silicon, patented in 1883, resulted in the further remarkable discovery o f the low-hysteresis steel since employed for the magnetic cores o f electric transformers (36) .
During the early 20th century further experimentation by other metallurgists revealed a number o f additional alloys, notably stainless steel, the discovery o f another Sheffielder, Harry Brearley, which was to become even more universally known than manganese steel. But it was Hadfield's pioneering work that had led the way and future developments only vindicated his belief, stated in 1892, that 'the special question o f steel alloys or combinations will be eventually found to possess considerable practical importance to the world at large, and perhaps be the means o f eventually enabling our civil and mechanical engineers to design and carry out works o f a magnitude which, notwithstanding the great strides made during the last few years, even at present are not possible' (37) .
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